A residual inhibitory effect on microbial growth due to modified-atmosphere (MA) Carbon dioxide has been found to be effective in inhibiting the growth of normal spoilage microbes in fish (reviewed by Parkin and Brown [19]). Pseudomonads, which are among the major spoilage organisms for seafood stored at refrigerator temperatures in air (22), are inhibited or killed during storage in CO2 (11, 13). On rock cod fillets stored in 80% CO2 plus 20% air at 4°C Lactobacillus spp. and a tan Pseudomonas sp.-like organism become the predominant microorganisms (16).
Carbon dioxide has been found to be effective in inhibiting the growth of normal spoilage microbes in fish (reviewed by Parkin and Brown [19] ). Pseudomonads, which are among the major spoilage organisms for seafood stored at refrigerator temperatures in air (22) , are inhibited or killed during storage in CO2 (11, 13) . On rock cod fillets stored in 80% CO2 plus 20% air at 4°C Lactobacillus spp. and a tan Pseudomonas sp.-like organism become the predominant microorganisms (16) .
One concern with modified-atmosphere (MA) storage of seafoods is the possibility of toxin production by Clostridium botulinum, especially type E, before the fish spoils (9, 10, 20, 27) . To overcome this problem, fish might be stored in MA up to the period of retail display (during which maintenance of proper refrigeration temperatures could be assured) and then transferred to air (3) . For pork loins transferred from a C02-containing atmosphere to air, studies by Silliker et al. (25) and Enfors et al. (12) have shown that there was a residual inhibitory effect on MA storage. The microbial growth rate after transfer was slower than for air control samples. A similar effect was detected for beef, based on the indirect evidence of color and odor shelf life remaining after transfer from MA to air (5) . Such a residual inhibitory effect is of practical importance because it could result in several days of extra shelf life in air.
There has been little evidence for such an effect with fish.
Coyne (8) stored cod at 0°C in various concentrations of CO2 and tranferred samples to air at 10°C after 7, 14, and 21 days. Little difference in comparison with fillets from fresh cod was noted except that fish stored in 20% CO2 spoiled more rapidly than fish stored in 40% or higher CO2. Banks et al. (1) found no evidence for a residual inhibitory effect for finfish since the rate of microbial growth after removal from CO2 paralleled the rate of growth in fish stored without CO2. In this study a residual inhibitory effect of MA storage was demonstrated for fish, and the resulting increase in shelf life was estimated. Results were obtained which strongly suggested that decreased surface pH or residual CO2 at the fish surface was not the basis for this inhibitory effect. CO2 uptake and release during MA storage and during MA-to-air * Corresponding author.
transfer had not been measured in previous studies. Finally, changes in the numbers and types of microorganisms present during the MA-to-air transfer were examined and provided a possible explanation of the residual inhibitory effect.
MATERIALS AND METHODS
Fish -sample preparation and handling. Fresh Pacific rock cod (Sebastes spp.) fillets were obtained from a local distributor. The fish were caught off the coast near San Francisco, Calif. They were filleted commercially and transported to the laboratory on ice.
Five batches of fish fillets were used, and each batch of fillets was divided into two groups. They were placed on wire racks and set in two large vacuum desiccators. One group of fish fillets was stored in an air atmosphere. The other group was stored in an MA of 80% C02-20% air. The containers were stored in the dark at 4 + 1°C.
Microbial analyses for aerobic plate count. Fish samples (11 g) were homogenized with 99 ml of 0.1% peptone diluent. Pour plates from appropriate dilutions were prepared with rich medium (TP) which contained (per liter): 5 g of tryptone (Difco Laboratories), 5 g of Bacto-Peptone (Difco), 5 (iii) Identification of microorganisms. The identification schemes used for classification to the generic level were developed by using modifications and combinations of identification protocols presented by various investigators (16, 17, 23, 24) . Identification was further aided by reference to Bergey's Manual of Determinative Bacteriology (4).
(iv) Classification of Pseudomonas species. Pseudomonas spp. were also examined for production of fluorescent pigment and localization of flagella. They were further classified as described by Shewan et al. (23) except that types III and IV were not differentiated.
(v) Determination of mole percent G+C content. The mole percent guanine-plus-cytosine (G+C) content of the tan (TAN) isolates was determined. These isolates were previously isolated from MA-stored rock cod by Mokhele et al. (16) , and their growth rates in air and CO2 were further studied by Johnson and Ogrydziak (14) . The procedures for extraction and purification of DNA were described by Rodriguez and Tait (21) . The G+C content in the DNA of the TAN organism was determined from buoyant-density measurements in CsCl gradients (18) .
RESULTS
Treatment effects of CO2. Five batches of fish fillets were stored at 4°C. The CO2 treatment was effective in controlling growth of spoilage microorganisms. Based on plate counts at 0, 3, 7, and 10 days, the growth rate in CO2 (0.016 h-1) was significantly lower than that in air (0.044 h-1). In air-stored samples, spoilage of the fillets took place by day 7, whereas under MA storage, even by 14 growth rates obtained at similar cell densities in air. One reason for using this comparison is fish stored in air there is often a lag before mic becomes exponential. For each batch we had control which was purchased with the fish tc MA. As an additional control, we purchased fri days when the PT studies began and determini growth rate on these fish.
A clear residual effect of MA storage wa three of five batches (batches A, B, and C) stored fish during PT and in all five batch MA-stored fish during PT (Fig. 1) . The differei significant when growth rates during PT calcul days were compared with the growth rates of (0 to 3 days) and 7-and 14-day fresh control residual effect was greater after 14 than after storage. The growth rates for the three groul stored only in air were similar.
The results established that there clearly v effect with this system. To examine the basis ( effect, surface pH, CO2 content during CO release, and the numbers and types of m present were determined. The two batches residual effect was not detected provided addi into the nature of the residual effect (see Disc Surface pH measurements. One possible e, the inhibitory effect of CO2 is that it lowers extent which inhibits microbial growth. The i might then be due to slow reversal of acid removal of CO2. Surface pH measurements i two batches of fillets (batches B and C), and it i there was only a slight decrease from pH 6.45 7 days of MA storage, which probably is nc inhibit microbial growth. After 14 days of MA rose to 7.36. During air storage the pH rose after 7 days and 8.4 after 14 days.
CO2 electrode measurements. Another pos tion of the residual effect is that CO2 is release the fish are transferred to air and that the resid tissues inhibit microbial growth. To examine 1 we measured the CO2 content of the fish electrode.
Two experiments were used to examine the method. First, 100 ppm of NaHCO3 was adde samples and to samples stored for 7 we concluded that CO2 retained in MA-stored fish tissue is probably not the major factor in the residual effect (see Discussion).
Taxonomic studies. The development of the microflora was monitored in all five batches of fillets, and at least 20 isolates from each batch for each sampling day were identified ( Table  1 ). The composition of the microflora found on flesh fish was heterogeneous. The dominant organisms were Pseudomonas spp. (27%), Acinetobacter spp. (15%), and Micrococcus spp. (14%). The tan Alteromonas isolates (designated TAN; see below for characterization) accounted for only 6% of the intitial population, and Lactobacillus spp. accounted for 4%. After 7 days of storage in air, the microflora had changed to predominantly Pseudomonas spp. (60%), and the TAN isolates and Lactobacillus spp. made up only 2 and 1% of the total flora, respectively. Bacterial counts had increased several thousandfold, and the fillets looked and smelled spoiled.
The microbial flora was quite different after 7 or 14 days of MA storage. TAN isolates increased to 23 and 30%, respectively, of the total flora. Lactobacillus spp. increased to 24 and 36%, respectively. The Pseudomonas spp. fell to 10 and 0%, respectively, and Brochothrix thermosphacta remained constant at 11%.
Identification of the microflora during PT periods revealed some interesting points. During the PT period after 7 days of MA storage, the population gradually changed to predominantly Pseudomonas spp. (12% after 2 days, 20% after 4 days, and 34% after 6 days). The percentage of lactic acid bacteria and TAN isolates decreased to 8 and 4%, respectively. During the PT period after 14 days of MA storage, the population shifted even more dramatically to predominantly Pseudomonas spp. (10% after 2 days, 28% after 4 days, and 42% after 6 days). The percentages of lactic acid bacteria and TAN isolates decreased to 8 and 13%, respectively. For both PT periods, the percentage of Acinetobacter spp. increased and that of B. thermosphacta remained fairly constant. For both PT periods after 6 days the plate counts were over 109 cells per g (Table 1) , and the fillets appeared and smelled spoiled.
Characterization of the TAN isolate. The TAN isolates were originally designated Aeromonas sp.-like organisms (16) . A similar organism was identified as an Alteromonas sp. by Lee (15) . Johnson and Ogrydziak (14) found that the TAN isolates were capable of denitrification and suggested that they could be either Pseudomonas sp. or Alteromonas sp., which are quite similar taxonomically (2) . The mol % G+C contents of four TAN isolates were determined, and values between 46.8 and 47.3 were obtained. These values were much lower than for species in the genus Pseudomonas (4) and best fit the genus Alteromonas (2) . DISCUSSION These data demonstrated a residual effect of MA storage on microbial growth on rock cod after transfer into air. The decrease in growth rate compared with the growth rate in air at similar cell densities was greater early in the PT period and also after 14 days than after 7 days of MA storage.
The residual effect was probably unrelated to pH changes in the system, since the small decrease in surface pH of the fillets during MA storage probably did not inhibit microbial growth.
Whatever the mode of action of CO2 in inhibiting microbial growth, the residual effect could have been due to retention of CO2 in MA-stored fillets after transfer back into air. Our values of CO2 concentration and percent CO2 recovery are somewhat lower than values obtained by Conrad et al. (7) for salmon (396 ppm and 95% recovery). The results suggested that in our hands this method gave values proportional to and probably at least 80% of the actual values.
The slope of the CO2 uptake curve suggested that even after 14 days the fillets were not saturated with CO2 (Fig. 2) . If the fillets were saturated, then thick and thin fillets should have the same CO2 concentration, and it was shown that thin fillets had a significantly higher CO2 concentration (Fig. 3) . Also, if one makes numerous assumptions, for example, treating a fillet as a simple solution of 80% water and 20% solids, and calculates the theoretical CO2 concentration at satuation, this theoretical value is severalfold higher than the experimental values. The uptake rate is most rapid in the beginning. These results suggest that CO2 uptake is limited not by diffusion across the surface layer but because of low diffusivity inside the fillet.
The CO2 absorbed into the fish flesh dissipated rapidly after MA-stored fish were transferred to air. Despite our finding of residual CO2 in the fillets at 1 day after transfer to air, we believe that CO2 retained in MA-stored fillets is probably not the major factor in the residual effect for the following reason. The CO2 concentration at the fish surface, where the microorganisms are primarily located (6) , is more important than the overall CO2 values. In MA, the CO2 concentration at the surfaces should be the highest CO2 concentration in the fish and should be in equilibrium with the CO2 concentration in the MA (Fig. 4A and B) . When the fish sample is transferred to air, there is a very steep CO2 concentration gradient between the fish surface and the air. Assuming that, as was true for CO2 uptake, CO2 release is not limited by diffusion across the surface layer but by low diffusivity inside the fillet, then CO2 from the surface is released rapidly into the air and CO2 from the interior of the fish diffuses more slowly to the surface. Thus, the CO2 concentration at the surface decreases, and the points of highest CO2 concentration are in the interior of the fish (Fig.  4C and D) . Therefore, shortly (probably in terms of hours or less) after the transfer of fish from MA to air the microorganisms on the surface are no longer exposed to high concentrations of C02, and nearly aerobic conditions are rapidly reestablished.
Identification of the microflora present during PT periods revealed what we believe to be the basis for the residual effect of CO2-the microbial ecology of the situation. In air-stored fillets, Pseudomonas spp. dominated, indicating that on fish in air they are the fastest-growing bacteria. In MA-stored fillets Lactobacillus spp. and Alteromonas spp. dominated; however, they grow more slowly in MA than they do in air. In MA, Pseudomonas organisms are totally inhibited and some die. Upon return to air, Alteromonas and Lactobacillus organisms would grow somewhat faster than they did in MA. It is not known whether Pseudomonas organisms start growing immediately after removal of MA. They may be injured in MA and there could be a lag during the repair period. It is also not known whether Pseudomonas organisms grow at the same rate as they do in fresh fish stored in air because it is possible that inhibitory products are formed by lactic acid bacteria and Alteromonas sp. But it is known that they eventually grow faster than Alteromonas spp. and Lactobacillus spp. during PT, since they become the predominant bacteria. Even if Pseudomonas organisms are not injured or inhibited during the initial PT period, they are only a small percentage of the population, and it takes time for them to become a high enough percentage of the total population to affect the overall growth rate of the microbial population (Table 1) . Therefore, the initial growth rates after transfer from MA to air largely reflect growth of Alteromonas spp. and lactic acid bacteria in air. Based on the results of rock cod storage in air, these bacteria do not grow as fast as Pseudomonas spp. and other normal air spoilage bacteria. Thus, microbial growth rates after storage in MA are lower than those observed on fish spoiling in air. Pseudomonas organisms eventually predominate, and this is reflected in the higher growth rates found later during PT.
The residual effect was not observed in two batches of 7-day MA-stored fish fillets (Fig. 1, batches D 
